overlapping EST (expressed sequence tag) clones with
high homology to human FMR1. Two representative EST remobilization of EP(3)3517 produced four deletions of dfxr ( Figure 1A ). All four deletions were characterized by clones were fully sequenced. To reveal the gene structure, we determined the genomic sequence of dfxr from DNA sequencing, and their breakpoints are presented in Figure 1A . Anti-dFXR staining of these different alleles P1 clone DS05441. Intron-exon organization of dfxr inferred from comparison of the genomic sequence and showed that the two EP insertion lines are hypomorphs (data not shown), whereas the four dfxr specific delethe cDNA sequences is depicted in Figure 1A . No CGG repeat was found in the 422 bp 5Ј UTR (untranslated tions appear to be protein nulls, since no dFXR staining was detected by immunostaining ( Figure 2B ). region) of dfxr, while a CGG repeat was found within 200 bp 5Ј UTR of FMR1 (Ashley et al., 1993b) . Whole Drosophila genome sequence search showed no other dFXR Protein Is Cytoplasmic and Highly Enriched in Nervous System significantly homologous genes. dFXR appears to be a prototype of the FMRP family that evolved to give rise A specific monoclonal dFXR antibody has been characterized by Western and immunoprecipitation analyses to the three members of the mammalian family (FMRP, FXR1P, and FXR2P). Sequence comparison using (Wan et al., 2000) . We genetically confirmed the antibody specificity ( Figure 2B ) and performed a systematic ex-CLUSTAL W shows that the dFXR (AF205596) has 35% and 56% overall identity and similarity, respectively, to pression study of the protein throughout the fly life cycle (Figure 2 ). dFXR expression was first widely detected FMRP, 37% and 65% to FXR1P, and 36% and 65% to Extensive alternative splicing produces different isoing with dFXR antibody and propidium iodide, a dye used to visualize nuclei, showed that dFXR was abunforms of human FMRP (Ashley et al., 1993b) . Comparison of multiple dfxr EST sequences and genomic sequence dant in soma cytoplasm as well as in neuronal processes within the CNS and peripheral nerves exiting the CNS demonstrated that alternative splicing occurs across the gene. 5Ј UTR alternative splicing and 3Ј alternative ( Figure 2C ). In addition to the CNS expression, high levels of dFXR were also observed in larval imaginal polyadenylation were found ( Figure 1A) . The 1 kb difference of the two major bands detected in Northern blots discs, testis, and ring gland (data not shown). In adult brain, dFXR was also expressed in most (or perhaps all) (Wan et al., 2000) is consistent with the differential 3Ј polyadenylation. Alternative splicing in the coding region of the neurons and highly enriched in optic lobes and distinct clusters of cells within the central brain (Figure resulting in three extra amino acids in the second KH2 domain was also noted ( Figure 1A ). So far, the functional 2D). The conspicuous dFXR expression in the central complex is interesting, as this structure regulates coorsignificance of this alternative splicing is unclear.
To study the functions of dFXR via a genetic approach, dinated motor control (Ilius et al., 1994) and alterations of dFXR expression in flies led to locomotory defects we first mapped the gene via polytene chromosome in situ hybridization to 85F9-12 on the third chromosome.
(see below). dFXR was observed in the cytoplasm, rather than the The original insertion EP(3)3517 maps in the 5Ј UTR of the dfxr gene, and another insertion EP(3)3422 maps in nucleus, of all the cells examined including all neurons and muscles (Figures 2A-2E ). Even after dFXR overexthe second intron of dfxr gene ( Figure 1A ). Subsequent titrate out its RNA substrates. Therefore, we overexThe overexpression of I307N by GAL4 lines in wild-type background consistently produced similar but weaker pressed dFXR in numerous tissues using the UAS-GAL4 transgenic system (Brand and Perrimon, 1993 amplitude ( Figure 6A ). Second, quantal analyses of miniature excitatory junctional currents (mEJCs) showed Significant alterations in NMJ synaptic terminals were observed in dfxr mutants. First, dfxr null mutants disthat the frequency of spontaneous glutamate release was increased by 5-fold in dfxr NOE animals ( Figure 6B ) played pronounced synaptic overgrowth and overelaboration of synaptic terminals ( Figure 5A, dfxr) . This but was not changed with postsynaptic dfxr MOE ( Figure  6B ). mEJC frequency in dfxr null mutants was mildly phenotype is reminiscent of the dendritic spine overgrowth observed in mammalian mutants. Quantification increased relative to controls ( Figure 6B, dfxr) . There was no striking increase in mEJC amplitude in any of of the number of synaptic boutons on muscle 4 revealed that the dfxr nulls had a 51% increase over controls the dfxr genotypes ( Figure 6C ). We conclude that dFXR modulates synaptic transmission through a primarily ( Figure 5C, left) . Second, dfxr NOE caused the opposite phenotype of synaptic undergrowth ( Figure 5A ) and dispresynaptic mechanism. Loss of dFXR results in elevated evoked neurotransmission, whereas presynaptic played an average 36% decrease in the number of muscle 4 synaptic boutons ( Figure 5C, left) . Postsynaptic overexpression results in elevated spontaneous vesicle fusion. dFXR MOE caused a similar but a more modest loss of structural elaboration and exhibited a 17% decrease in To summarize, we have shown that dfxr mutants perturb synaptic neurotransmission at two different synapse muscle 4 synaptic boutons ( Figure 5A,C) . Quantification of the muscle 6/7 NMJ boutons showed a similar trend types: histaminergic photoreceptor (central) synapses and glutamatergic NMJ (peripheral) synapses. Surprisingly, ( Figure 5C ). In addition to the increased bouton number, dfxr null mutants showed excessive arboreal branching increase and decrease of dFXR levels similarly alters 
Futsch and dFXR Interact to Regulate Synaptic Structure and Function
Futsch regulates microtubules at the Drosophila NMJ (Roos et al., 2000) . Therefore, we hypothesized that dFXR-dependent Futsch regulation might mediate the control of synaptic structure and function, explaining the synaptic dysfunction observed in dfxr mutants. Since dfxr null mutants elevate Futsch expression (Figure 7B Quantitative Western analyses showed that Futsch hypothesis, both futsch hypomorphs and futsch NOE significantly reduced photoreceptor neurotransmission expression in the nervous system was inversely correlated with dFXR expression (Figure 7B) . Initially, we ob-( Figure 8D ; futsch NOE 3.47 mV versus 7.19 mV in wt). It is particularly striking that either loss or overexpression served alterations in the distribution and intensity of Futsch immunoreactivity in the nervous systems of dfxr of both dfxr and futsch had identical effects on synaptic transmission, i.e., elevated at the NMJ and suppressed mutants (data not shown). To quantify these changes in Futsch expression, we performed Western analyses in the eye. These observations suggest that precise regulation of on adult head extracts from dfxr mutants and dfxr pared to the three related genes present in mammals. We generated the double mutants of dfxr futsch and The molecular characteristics, cellular and subcellular assayed synaptic transmission at the NMJ and in the expression pattern, and functions of Drosophila FXR eye. We observed a remarkable suppression of synaptic and mammalian FMRP show extensive parallels. Most defects observed in dfxr mutants (Figures 8C and 8D) .
importantly, dfxr mutant phenotypes are consistent with In the NMJ, the double mutant reduced transmission to the synaptic defects associated with human FraX palevels indistinguishable from controls ( Figure 8C ), whereas tients and FMR1 knockout mice. These observations in the eye, the double mutant increased neurotransmission suggest Drosophila is an attractive genetic system to to wild-type levels ( Figure 8D ). This genetic suppression model FraX. provides convincing evidence that dFXR regulates synAt a gross level, lack of Drosophila FXR and mammaaptic mechanisms entirely through its regulation of lian FMRP have similar consequences. In both cases Futsch. Taken together, this study strongly supports the the gene is not essential; null mutants are adult viable hypothesis that dFXR acts as a translational repressor with a normal developmental time course. Behaviorally, of Futsch to regulate microtubule dynamics and thereby both Drosophila and mammalian mutants show locomocontrol synaptic structure and function. tory deficits. Although we cannot draw a direct comparison between flight defects in the dfxr mutants and movement abnormalities in FraX patients, it is interesting to Discussion note that both display impaired motor control. FraX patients have visuospatial defects and Drosophila dfxr muThe Drosophila Genome Encodes a Single, tants show decreased photoreceptor function in the retina.
Conserved Member of the FMRP Family
All of these common defects can be readily explained by Although early attempts to identify a Drosophila homolog of FMR1 yielded no positive results (Verkerk et al., impaired synaptic development or function. (Wan et al., 2000) was diluted to 500 l with PBST described (Fergestad et al., 1999) . Briefly, adult Drosophila heads and incubated with the protein A beads for 1 hr at RT followed by were homogenized in lysis buffer ( Chemicals) to block endogenous activity. were generated by introducing ⌬2-3 into the genome following stan-ERG recordings were performed as described . dard procedures. Deficiency Df(3R)by62 (chromosomal fragment Briefly, specimens were anesthetized with CO 2 and embedded in from 85D11-13 to 85F16 including dfxr deleted) was obtained from dental wax. The recording protocol was as follows: dark-adapted the Bloomington Drosophila Stock Center. Mutant larvae or adults for 5 min, 1 s light recording followed by 9 s of dark. This was over Df(3R)by62 were selected for all phenotypic analyses. Drosophrepeated four times without pause, with the five traces averaged to ila strain OR was used as wild-type control. Futsch hypomorph allele give each datum. Data points were collected at the initiation and N94 (Roos et al., 2000) was used for double-mutant assays. UAS the peak of the off transient. The magnitude of the off transient is transgenic lines were generated by coinjection of the UAS construct the absolute difference in millivolts between the two points. with a ⌬2-3 helper plasmid into w 1118 embryos following standard protocols. For overexpression studies, the GAL4-UAS transgenic GenBank Accession Number system (Brand and Perrimon, 1993) was used. To cooverexpress wild-type and mutant I307N dFXR, UAS-dFXR and UAS-I307N were For the two dfxr cDNA sequences, the GenBank accession numbers recombined on the same chromosome using standard genetic methare AF205596 and AJ271221; for the genomic sequence, the accesods. GAL4 lines used in this work were eye-specific sev-GAL4 from sion number is AF205597. B. Dickson, nervous system-specific elav-GAL4, and musclespecific GAL4 line mhc-GAL4 from C. Goodman. An independent muscle expression line G7-GAL4 was isolated by C. Rodesh.
